We report a theoretical investigation concerning the melting temperature, T m , of ZnO and Zn nanoparticles (NPs), nanowires (NWs) and nanotubes (NTs). The shapes considered here for the zinc oxide low dimensional structures include spherical NPs, NWs with circular, rectangular (nanobelts) and hexagonal sections and NTs with circular and hexagonal sections. A comparison between ZnO and Zn nanostructures demonstrates a higher stability of ZnO for most size and shape ranges considered. Moreover, the size effect on the melting temperature for ZnO is found to be quite strong: for a spherical ZnO NP with a radius of 5 nm, the size effect on T m corresponds to a decrease of ∼36% relative to the bulk melting temperature, whereas the reduction for the case of a metallic Zn NP with the same dimension is ∼13%. Based on T m estimations as a function of size and shape, we predict that certain ZnO nanostructures, such as small (<10 nm) NTs, may not be viable for nanoelectronics or nanophotonic devices, since T m is too close to, or in some cases even below, room temperature. The influence of the surface tension uncertainties on the calculated melting temperatures is also discussed. Finally, based on the determination of T m at the nanoscale, the maximal intrinsic residual stress in a hexagonal ZnO NW and in a cylindrical Zn NW is estimated to be ∼45 MPa and ∼1.9 GPa, respectively.
Introduction
Based on the interesting physical properties of zinc oxide (ZnO), which range through being a direct bandgap semiconductor, piezoelectric and biocompatible material, there has been an enormous research effort focused on ZnO-based low dimensional structures [1] [2] [3] . Indeed, ZnO nanostructures are promising for a wide range of electronic and optoelectronic applications at the nanoscale [1] [2] [3] . Therefore, there are many reports of synthesis and characterization of ZnO structures, in a remarkable variety of shapes and formats, with dimensions between 1 and 100 nm [1] [2] [3] [4] [5] [6] . All these low dimensional structures are characterized by the fact that the ratio of the number of surface to volume atoms is large, and increases rapidly with the size reduction. This increasing ratio is, among many other interesting effects, responsible for the size and shape dependence of melting temperature (T m ). 1 Author to whom any correspondence should be addressed.
In nano-and microelectronics the thermal behaviour of active components is an important factor affecting the reliability of these devices [3, [7] [8] [9] [10] . Therefore, it is important to be able to estimate the size effects on their melting temperature to avoid melting or partial melting when the circuit dissipates energy. This key material parameter, which is not a constant at the nanoscale, is also useful to know the preferred shape adopted by the nanostructures [11] [12] [13] . However, despite the great current interest in ZnO-based low dimensional structures, there are to date only very few theoretical and experimental reports regarding melting temperature at the nanoscale [4, 5] .
In this paper we attempt to critically address this issue and calculate the melting temperature for ZnO nanostructures with various shapes and sizes. Since one of the common ways to produce ZnO nanostructures is from thermal evaporation of metallic zinc (Zn) under oxygen atmosphere [14, 15] , and there is also interest in the fabrication of Zn-ZnO core-shell nanobelts and nanotubes [16] , the size effect on the melting temperature of Zn nanostructures is also investigated. The calculations presented, following a thermodynamical approach, focus on the geometric shapes which are closest to those found experimentally. Namely, for our estimations we consider spherical nanoparticles (NPs), nanowires (NWs) with circular, rectangular and hexagonal sections and nanotubes (NTs) with circular and hexagonal sections. As a preamble for the subsequent discussion one should note that thermodynamics, as a phenomenological theory, is strictly valid for macroscopic systems; therefore, it is necessary to obtain a statistical limit of validity in terms of size for classical thermodynamics. Considering that the relative temperature fluctuation inside a cube δT / T ≈ (nL 3 )
(where L 3 is the volume of the cube with n atoms per unit volume) is less than 1% for L 5 nm, and ∼3% for L ≈ 2 nm, the size limit we consider for the application of thermodynamics is ∼2 nm. This is the lower size limit that we will use throughout this work. Therefore, any shape instability effects due to the thermal fluctuations above 3% are not addressed here, and other methods such as molecular dynamics simulations should be considered for such extremely small nanostructures (<2 nm) or clusters of atoms [17] .
Melting temperature at the nanoscale
Since the pioneering work of Pawlow in 1909, many models have described the variation of the melting temperature with the particle size [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . This behaviour is explained by the particular role played by the surface at the nanoscale. Indeed, when the size decreases, the number of atoms at the surface is no longer negligible compared to the number of atoms in the (bulk) volume. To study the melting temperature at the nanoscale, there are two approaches currently used: bottom up and top down. The first makes use of computational methods like molecular dynamics [4, 27, 29] whereas the second relies on classical thermodynamics [18] [19] [20] [21] [22] [23] [24] [25] [26] 28] . Molecular dynamics generally considers fewer than 100 000 atoms, in order to keep calculation times within reasonable values. This factor limits the nanostructure size modelled to a maximum size of tens of nanometres, but on the other hand effects such as chemical environment on the melting temperature can be considered. Therefore, the top-down approach where one can consider bigger particles (R > 2 nm) emerges as a simple complementary method that may provide useful insights in nanotechnology.
Here we adopt the top-down approach using classical thermodynamics. Applying the energy conservation law, the melting temperature at the nanoscale, T m , can be expressed as a function of the bulk melting temperature, T m,∞ , the size of the particle and some materials properties. For inorganic materials, it is well established that T m decreases linearly with R −1 [19] , where R is the radius of the nanoparticle. For a spherical nanoparticle, the melting temperature is given by [25] 
where T m,∞ is the bulk melting temperature (K) and H m,∞ is the melting enthalpy (J m −3 ), whereas γ l and γ s are the surface tensions 2 in the liquid and solid phases (J m −2 ), respectively. The size effect on surface tension is negligible for particles with R > 1 nm, as shown by Nanda for Au, Ag and PbS nanoparticles [30] . Other parameters which may affect the surface tensions such as temperature will be considered indirectly (in the absence of better information) by considering a surface tension range in our calculations, as detailed in section 3.
Equation (1) can be extended to other lower symmetry shapes such as non-spherical NPs, NWs and NTs [11-13, 25, 26] :
where A and V are the surface area (m 2 ) and volume (m 3 ), respectively, for a given shape. The A/ V ratio is given in table 1 for a variety of shapes commonly found experimentally for ZnO nanostructures. To describe the size effect with only one parameter, let us rewrite equation (2) more conveniently as
where the shape parameter α shape is defined as
where L is the smallest dimension of the structure. This α shape parameter, for a given material, depends only on the shape. This allows us to compare the magnitude of the size effects on the melting temperature of a particular material for different shapes [11, 12, 31] . Table 2 . Bulk materials properties of ZnO and Zn. 
, where the length of the nanowires and nanotubes is equal to 100 nm.
Theoretical results, comparison and discussion
The theory described in section 2 can now be applied to the particular case of ZnO and Zn nanostructures. The magnitudes of size effects on the melting temperature are shown on figure 1 for different shapes of ZnO and Zn nanostructures. The values used for α shape are indicated in table 1, and the basic material parameters considered are summarized in table 2.
Spherical nanoparticles (NPs)
In figure 1 , from the slope of the lines we see that the size effect is higher on ZnO nanostructures than on Zn. For instance, for 5 nm spherical particles, the size effect on T m for ZnO is a reduction of ∼36% relative to the bulk melting temperature, whereas for the same size and shape Zn nanoparticles only observe a reduction of ∼13%.
For spherical nanoparticles of ZnO, we can compare our predictions with the results obtained by molecular dynamics [4] . The equations given in section 2 using classical thermodynamics give the same trend with size as the calculations done by molecular dynamics (bottom/up approach) [4] : the first approach gives a dependence R −1 and the second one gives a dependence N −1/3 (where N is the total number of atoms in the particle). Both dependences, expressed in different ways, are in fact similar since volume is proportional to the total number of atoms (V ∝ N ). Although we obtain a similar trend as reference [4] , in our case the melting temperature obtained at the macroscale converges to [32, 33] . Note the log-log scale and the additional contour at 2023 K indicating a variation of 10% relative to the ZnO bulk melting temperature. the tabulated value for bulk ZnO, i.e. 2248 K [32] , as physically expected.
Nanowires (NWs) and nanotubes (NTs)
For the case of a ZnO cylindrical NT (figure 2) and a ZnO hexagonal NW (figure 3), the size effect is also plotted. The shape parameters for the 100 nm height NWs and NTs are given in table 1. The nanoring and nanobelt cases can be deduced from table 1 by considering a smaller height (h), or adapting the a/b ratio, respectively. In table 1, the ratio R 1 /R 2 (= 1.2) defining the wall thickness of the NTs has been chosen according to the experimental data reported by [9] , and we take the same value for the a 1 /a 2 ratio for the case of hexagonal NTs.
One can also note that the size effect is higher for NTs than for NWs or NPs due to larger area over volume ratios. The effects of size for ZnO nanostructures are found to be so strong, that, according to our estimates, it is predicted that some nanostructure shapes are not possible to obtain in the solid phase at room temperature. This is the case for ZnO cylindrical NTs with small wall thickness (i.e. R 1 /R 2 close to ∼1.2), as shown in figure 2 , which shows the effect of the wall thickness on the melting temperature for different sizes. Note that the minimum size stable at room temperature (represented by a dashed line in figure 2 ) decreases as the relative NT wall thickness increases, since fewer atoms are at the surface. At the limit of vanishingly small inner radius, the results obtained meet the respective NW case, shown in figure 1 . The results in figures 1 and 2 show that for very small sizes (<10 nm) some shapes may have a T m close to room temperature. This may represent an intrinsic limitation for the design of ZnO based nanostructures for nanoelectronic or nanophotonic devices. The physical meaning of the interception of the T m lines with absolute zero, observed for the shapes with higher surface to volume ratios, is that for such a given shape/size the material does not solidify.
Relative shape stability
From table 1, among the considered shapes the relative shape stability can be determined by the minimization of α shape . The lowest α shape value is the most stable shape at the nanoscale. For the case of ZnO NWs and NTs, the cylindrical shape is preferentially adopted. A similar behaviour is predicted for Zn (see figure 1 ). This can be explained simply by geometric arguments (minimization of the A/ V ratio) in equation (3), where
In other words, the shape which exhibits the highest melting temperature at the nanoscale is that which corresponds to a Gibbs' energy minimization. This is illustrated in figure 1 , where we can observe that ZnO is generally more stable than Zn, except for some specific nanostructure shapes and sizes, as indicated in figure 1 , where there is a cross-over between the different lines.
Note that our calculations consider an isotropic value for the solid surface tension γ s , and we do not consider the effects of the diverse chemical environments that may be used in the growth or synthesis of ZnO-based nanostructures. Thus, considering the surface tension γ s (hkl) of each crystal face (hkl) and the influence of the chemical environment on the surface tension of the crystal faces, it is not surprising that the other shapes may certainly appear experimentally [2, 3] . With a suitable tuning of the chemical environment of the nanostructures, it is possible to favour the growth of one particular shape over another because we can decrease the surface tension relative to the isotropic value γ s . 
Influence of uncertainty in surface tensions
There is a considerable uncertainty regarding the values of surface tensions for ZnO. The ZnO surface tension in the solid phase is found to be within the range γ s = 2.32-4.00 J m −2 [33] . For our previous calculations we use the central (average) value for the solid phase γ s = 3.16 J m −2 . For the solid phase under high pressure the surface tension is within 0.3-0.7 J m −2 . However, since the liquid surface tension is always lower than the solid surface tension [34] , the most probable value should be within the lower bond range of this interval, i.e. close to ∼0.3 J m −2 . We need to resort to this approximation since no reported values for the liquid surface tension of ZnO could be found.
In figures 4(a) and (b) we try to evaluate the influence of the variation of the liquid and solid surface tensions on the calculated T m , respectively. In figures 3 and 4(a), (b) we indicate with an additional contour line the value of 2023 K, which corresponds to a variation of the melting temperature of 10% due to size effects, relative to the bulk melting temperature. From figure 4, one can infer that the influence of variations of γ l is higher than 10% for sizes below 16 nm, whereas effects of γ s are higher than 10% for all the sizes below 21 nm. Thus we can conclude that the influence of the surface tension can indeed be quite important for ZnO nanostructures with a radius lower than ∼20 nm.
Comparison with experiment
Experimental results on the melting temperature for ZnO nanostructures are very scarce. In a recent work, Su et al [5] have reported that ZnO nanostructures could start to melt at temperatures as low as 1023 K. Prolonged annealing at this temperature resulted in partial melting of individual nanorods and the coalescence of the nanorods with their neighbours, leading to a great change in their optical properties. A partial melting was observed at 1023 K for the top of a ZnO nanorod [5, 14] . This experimental result comes in line with our calculations if we consider that the melting begins in the region where the nanorod thickness is the smallest. At these thicknesses (∼5 nm) [35] , quantum confinement effects play a role and modify the optical properties.
Direct comparison with our calculations is also complicated because the shape of the nanorod experimentally observed in [5] is not so well defined, or geometrically regular, as we are considering here. Nevertheless, we can say that for a complete melting of a nanobelt (h = 2.3 nm, a = b = 250) with comparable dimensions found in [5] , but a thickness equal to the Bohr radius of ZnO (∼2.3 nm) [35] , where quantum confinement effects are strong, we obtain T m ∼ 1055 K.
In order to obtain firm comparison with experiment it would be interesting to investigate systematically the melting temperature behaviour for the various shapes of ZnO nanostructures currently available, since this information is, to our best knowledge, as yet unavailable.
Maximal intrinsic residual stress
With the knowledge of melting temperature in hand one can further estimate the maximal intrinsic residual stress expected in ZnO and Zn NWs, due to a melting-freezing phase transition [11, 31, 36] . Since we are dealing with a 1D structure, we can apply the uniaxial stress-strain relation, σ = Eε, where the strain can be estimated by ε = α(T m − T dep ), where α is the thermal expansion coefficient and E is the Young's modulus [32, 37, 38] . The effects of size may also affect many other materials properties than the melting temperature. The thermal expansion coefficient, α, and the Young's modulus, E, were also found to vary relative to the bulk material properties. While α increases around 10% with decreasing size [39] , an opposite behaviour is experimentally observed for E [40] . We take these effects into account in our estimations. However the effect of temperature on these values is not considered, since it is negligible compared to the size effects [41, 42] . Assuming T dep = 293 K, the maximal intrinsic residual stress σ in a hexagonal ZnO NW (a = 2 nm and h = 100 nm), is 45 MPa. This value represents the stress resulting from the nanostructure formation and is within the expected range for a ceramic material, which is typically harder than a metal and therefore exhibits a lower residual stress [43] . Indeed, the intrinsic residual stress we estimate for a cylindrical Zn NW (R = 2 nm and h = 100 nm) is 1.9 GPa.
Conclusions
In summary, we have investigated theoretically the melting temperature of various ZnO and Zn nanostructures. Our calculations allowed the size and shape effects on the melting temperature to be quantified. A significant decrease of T m was found for ZnO nanostructures with sizes on the order of tens of nanometers. For Zn nanostructures, the same effect but with a smaller magnitude was found. To quantify the size effects a convenient shape parameter, α shape , has been defined. For the materials considered here, α shape has been calculated for different NPs, NWs and NTs. For NPs and NWs the magnitudes of the size effect are nearly the same, but for NTs it is a stronger effect due to a larger area over volume ratios. For ZnO NWs and NTs, the preferred shape is found to be cylindrical since it present the lowest value of α shape .
Based on our estimations, and with the currently available material parameters, we predict that the use of ZnO nanotubes in electronics is restricted to sizes above ∼10 nm, since for smaller dimensions the energy dissipation of the circuit can raise the operating temperature close to T m . We have also shown that the uncertainties on the surface tension values may affect considerably the calculated values of T m for ZnO nanostructures with sizes below ∼20 nm. Finally, we have estimated the maximal intrinsic residual stresses for ZnO hexagonal NWs and Zn cylindrical NWs. To compare quantitatively our predictions with experimental results a systematic study of the melting temperature for various sizes and shapes in zinc oxide nanostructures would be desirable.
